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Coxiella burnetii was isolated from persistently infected fibroblast host cells by
a rapid mechanical lysis technique. Macromolecular synthesis was initiated in
these otherwise dormant cells by incubation at pH 4.5. The synthesis of protein
proceeded for as long as 24 h. Initiation of protein synthesis in C. burnetii was
dependent upon RNA synthesis. Approximately 24 species of polypeptides were
synthesized, and some of these appeared to be major synthetic products.
Increases in protein biomass of 15 to 30% were calculated to occur during
incubation. Inhibition of DNA synthesis affected protein synthesis after 12 h of
incubation. The results suggest that although these parasitic bacteria did not grow
in the axenic media devised, significant biosynthetic processes occurred.

Coxiella burnetii is an intracellular parasite
and the etiological agent of Q fever. C. burnetii
grows within the phagolysosome (2), which sub-
jects it to an acid pH of 4 to 5 (4). The acidophilic
nature of this organism has been demonstrated
through the stimulation of nutrient transport and
catabolism in intact cells at pH 4.5 (6, 7). Fur-
thermore, prolonged maintenance of the adenyl-
ate energy charge of C. burnetii was possible at
either pH 4.5 or 7.0 if the medium was supple-
mented with the appropriate substrate, notably
glutamate or pyruvate (8). Biosynthetic path-
ways were also operative in those studies be-
cause radiolabeled glucose, glutamate, thymi-
dine, uridine, and guanosine were incorporated
into acid-insoluble material at pH 4.5 (6). How-
ever, few details were known about macromo-
lecular synthetic processes in those intact C.
burnetii cells during incubation in the axenic
media studied.
The C. burnetii genome size is 1.04 x 109

daltons (15), which provides a coding capacity
for a large number of polypeptides. Therefore, it
was expected that determination of the number
of polypeptide species synthesized by the orga-
nism during incubations in axenic media might
indicate either a complete growth cycle or a
maintenance state. Furthermore, the determina-
tion of requirements for protein synthesis by C.
burnetii in axenic media could provide useful
information on the initial physiological process-
es occurring during infection. In studies on in
vitro protein synthesis with cell-free extracts of
C. burnetii, Donahue and Thompson (5) ob-
served a noticeable lack of endogenous mRNA
activity. These workers postulated that the rick-
ettsial mRNA was quite labile. Hence, de novo
mRNA synthesis would be a prerequisite for de
novo protein synthesis in isolated C. burnetii

cells and therefore may characterize an early
step in the infection process.
Maintenance of a high energy charge in isolat-

ed C. burnetii cells could provide a better oppor-
tunity to obtain axenic growth (8). Classic meth-
ods of propagation of C. burnetii in yolk sacs of
embryonated hen eggs afford luxuriant growth of
rickettsiae. However, the purification protocol
is lengthy and cumbersome and may not be fully
suitable for these metabolic studies. Therefore,
we developed a more convenient method for the
culture and isolation of C. burnetii applicable for
studies on macromolecular synthesis.
This communication confirms earlier observa-

tions concerning the acidophilic nature of C.
burnetii (6-8). Studies performed on rickettsiae
derived from heavily infected baby hamster kid-
ney (BHK-21) cells, released either naturally or
through mechanical lysis, indicate that moderate
rates of protein biosynthesis occur in this orga-
nism when incubated in an axenic medium at pH
4.5. The results are discussed relative to the
infection process of C. burnetii as it is believed
to occur in vivo.

MATERIALS AND METHODS
Growth of BEK cells. BHK-21 cells, clone 13, were

grown at 34°C in Dulbecco modified Eagle medium
(DME; Flow Laboratories) containing 0.37% sodium
bicarbonate (gas phase, 19%o C02, 81% air) and 10%
heat-inactivated calf serum (Flow Laboratories). The
viability of BHK cells was determined by the trypan
blue exclusion method (16). No mycoplasma contami-
nation was detected throughout these experiments.

Infection of BHK cells with C. burnetii. The Nine
Mile strain of C. burnetii (which had previously been
passed three times in male Hartley guinea pigs) was
used for all experiments. Confluent BHK cell mono-
layers (ca. 3 x 10- cells per cm2) were washed twice
with Dulbecco phosphate-buffered saline (PBS) and
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then overlaid with 0.30 ml (per 75-cm2 flask) of a 10-1
dilution of homogenized infected guinea pig spleen
suspended in brain heart infusion broth. This solution
contained 5.7 x 102 50% tissue culture infectious dose
units per ml as determined in BHK cells by the method
of Reed and Muench (17). Rickettsiae were allowed to
absorb at room temperature for 30 min, after which
monolayers were fed with 15 ml of complete DME.
BHK cells were cultivated in monolayers for approxi-
mately 20 days before a persistent infection was estab-
lished. At the time these experiments were performed,
infected cells had been passaged between 10 and 20
times.

Rickettsial isolation. The spent tissue culture medi-
um was replaced with fresh medium 12 to 15 h before
harvest of nearly confluent, infected BHK cells. This
allowed a population of naturally released C. burnetii
organisms to accumulate. To obtain naturally released
organisms, the tissue culture medium was removed
and the monolayers were washed once with DME.
Rickettsiae were pelleted by centrifugation at 30,000 x
g for 25 min at 4°C. The resulting pellets were washed
twice in Buffer A (22.3 mM K2HPO4, 135.7 mM KCI,
13.4 mM NaCl, 89 mM glycine, 10 mM MgCl2, 1 mM
glucose, 1 mM glutamate, 250 mM sucrose; pH 7.0)
and then stored at 4°C. Infected BHK cells were
harvested by trypsinization and subsequent centrifu-
gation at 3,000 x g for 10 min at 4°C. Mechanically
released C. burnetii cells were obtained by suspension
of the BHK cell pellet in 20 ml of Buffer A, followed by
five vigorous vortexing cycles (1 min of vortexing
followed by 30 s in an ice bath). Unbroken host cells
and debris were removed by centrifugation at 3,000 x
g for 10 min. The resulting supernatant solution was
saved at 4°C, and the pellet was subjected to a second
vortex-lysing-centrifugation cycle in 10 ml of Buffer
A. The combined supernatant solutions were centri-
fuged at 30,000 x g for 25 min at 4°C, and the pellets
were washed once. The yield of C. burnetii was
approximately 109 naturally released cells and 3 x 109
mechanically released cells per 75-cm2 flask.

Incubation for macromolecular synthesis. The final
pellets of naturally and mechanically released C. bur-
netii cells were suspended in Buffer B (49 mM
KH2PO4 or K2HPO4, 169 mM KCl, 16 mM NaCl, 120
mM glycine, 250 mM sucrose; pH 4.5 or 7.0) and
immediately added to an axenic medium (7) with 0.1
mM glutamate and 0.1 mM glucose and supplemented
with the remaining 18 amino acids at a final concentra-
tion of 60 ,uM unless otherwise indicated. C. burnetii
organisms were at a final concentration of 0.5 x 109 to
3.0 x 109 cells per ml in this medium.

Incorporation of radioactivity was determined by
spotting 0.1 ml of the rickettsial suspension onto
Whatman no. 3 filter disks for each data point. Filters
were air dried and then processed by the hot trichloro-
acetic acid method of Mans and Novelli (12). Filters
were assayed with 5 ml of a toluene-based scintillation
cocktail in a Packard 460C Tricarb scintillation
counter.

C. burnetii organisms were counted by the method
of Silverman et al. (18). However, a double fluorescent
staining method was employed whereby the Shigella
dysenteriae population was stained in 3 mg of ethidium
bromide per ml for 24 h, washed twice in PBS, and
then counted in a Petroff-Hausser chamber. The stan-
dardized S. dysenteriae solution was then mixed with

Formalin-treated C. burnetii cells, which were stained
by the method of Chen (3). The resulting mixture was
immediately sprayed onto ethanol-washed microscope
slides, and the concentration of C. burnetii was deter-
mined as described (18).

Extraction of protein and gel electrophoresis. Upon
completion of incubations, rickettsial suspensions
were first chilled and then pelleted for 60 min at 30,000
x g at 4°C. The pellets were suspended in a solution of
10 mM Tris (pH 7.4), 1 mM MgCl2, 1 mg of lysozyme
per ml, and 12 ,ug of DNase per ml and subjected to
five cycles of freeze-thawing in dry ice-acetone and
37°C, respectively. Nonidet P-40 (0.6%) was added,
and the protein was solubilized at room temperature
for 1 h and then frozen at -20°C until electrophoresis
could be performed. Electrophoresis was performed
by the method of Laemmli (10) in 8 to 15% linear
gradient polyacrylamide gels (with respect to the ac-
rylamide concentration). Proteins were stained and
fixed as described (10), and radioactive polypeptides
were visualized through fluorography by the method
of Bonner and Laskey (1) or with En3Hance (New
England Nuclear Corp.). Density of polypeptide bands
appearing in fluorographs was determined in a Beck-
man DU-8 spectrophotometer with attached gel scan-
ning unit.

RESULTS
Isolation of C. burnetii from infected BHK cells.

When BHK cell cultures were challenged with
C. burnetii, up to 95% of the cells eventually
became infected. Many of the infected cells
contained large vacuoles which resulted in gross
deformity of the typical fibroblast shape. Great-
er than 90% of the BHK cells were lysed by the
procedure used to obtain C. burnetii from the
intracellular environment. C. burnetii cells
which escaped host cell confinement and had
accumulated in the medium over a 12- to 15-h
period were also obtained. These naturally re-
leased cells represent an extracellular transit
stage of the microbe's life cycle, because they
are both infectious and biochemically active.
Amino acid incorporation and effects of inhibi-

tors. Tissue culture-grown C. burnetii demon-
strated significant incorporation of [3H]leucine
into hot (90°C) trichloroacetic acid-precipitable
material when incubated in a defined medium at
pH 4.5. However, C. burnetii incubated at pH
7.0 under otherwise identical conditions showed
no significant [3H]leucine incorporation (Fig. 1).
Both infection-released and mechanically re-
leased C. burnetii cells demonstrated the same
rate of leucine incorporation (0.11 nmol per 109
cells per h) during the first 4 h of incubation.
Both populations then slowed to a rate of 0.05
nmol per 109 cells per h (Fig. 1A). Thereafter,
the protein synthetic rate in mechanically re-
leased C. burnetii cells decreased gradually, and
after 10 h of incubation no further significant
leucine incorporation was observed (Fig. 1B).
When the leucine concentration in the medium
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FIG. 1. Leucine incorporation by C. burnetii. C. burnetii cells were isolated and incubated with [3H]leucine
(20 uCi/ml, 0.33 Ci/mmol) as described in the text. Incorporation by naturally released cells (A) or mechanically
released cells (B) was measured at pH 4.5 (0) and in the presence of 1 ,u.M atractyloside (U) or 1 mM
hydroxyurea (0). Incorporation at pH 4.5 in the presence of 150 FM chloramphenicol or 40 F.M rifamycin, or at
pH 7.0, is represented by a single line (0). The results are of a single typical experiment which has been repeated
at least three times.

was lowered from 60 to 6 ,uM, there was a
decrease in the amount of [3H]leucine incorpo-
rated (not shown). At the lower concentration,
naturally released C. burnetii incorporated leu-
cine (exogenously added) at a rate of 0.03 nmol
per 109 cells per h during the first 6 h of
incubation at pH 4.5. Under these same condi-
tions, mechanically released cells incorporated
0.02 nmol per 109 cells per h during the first 4 h
of incubation at pH 4.5, after which incorpo-
ration ceased. Incorporation of [355]methionine
proceeded at rates similar to those of leucine in
both mechanically released and naturally re-
leased cells at pH 4.5; incorporation of methio-
nine was not observed at pH 7.0 in either cell
type. After 24 h of incubation, the pH of these
media remained unchanged.
The involvement of protein and nucleic acid

synthesis in [3H]leucine incorporation into hot
trichloroacetic acid-precipitable material was
studied with several inhibitors of macromolecu-
lar synthesis (Fig. 1). Chloramphenicol and rifa-
mycin caused nearly complete inhibition of leu-
cine incorporation. Hydroxyurea caused
significant inhibition of overall [3H]leucine
incorporation in naturally released C. burnetii,
and it produced incorporation kinetics quite
similar to identically treated, as well as untreat-
ed, mechanically released cells. Atractyloside
demonstrated no effect on either cell type during
the first 2 h of incubation.

Electrophoresis of labeled proteins. Radiola-
beled C. burnetii proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, fluorographed, and analyzed by
densitometry. Determination of protein molecu-
lar weights was based on comparison with
known standards on the same gels. The molecu-
lar weight values for the proteins indicated in
Fig. 2 are mean values obtained from several
gels. Qualitatively the two cell types appeared
similar in pattern. Approximately 24 polypep-
tides were synthesized at pH 4.5 by each type.
However, two polypeptides (with molecular
weights of 87,000 and 27,000) were radiolabeled
by naturally released C. burnetii cells, but were
not significantly labeled 'by mechanically re-
leased organisms (Fig. 2A). A 62,000-dalton
polypeptide was radiolabeled by mechanically
released C. burnetii, but was not significantly
labeled by naturally released cells (Fig. 2B).
Similar results were obtained when [3H]leucine
was substituted for [35Sjmethionine.

Uridine incorporation by C. bumetii. Signifi-
cant incorporation of [14C]uridine into cold (4°C)
trichloroacetic acid-insoluble material was ob-
served in mechanically released C. burnetii
when incubated at pH 4.5 (Table 1). However,
incorporation of [14C]uridine by naturally re-
leased cells under identical conditions was low
at either pH 4.5 or pH 7.0 (Table 1). The
incorporation of uridine by mechanically re-
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FIG. 2. Analysis of polypeptides synthesized by C.
burnetii. C. burnetii cells were harvested after axenic
incubation for 25 h at pH 4.5 in the presence of
[35S]methionine (27.3 ,uCi/ml, 4.53 Ci/mmol). Proteins
were solubilized and electrophoresed as described,
and fluorography was performed. Densitometry trac-
ing of fluorographs of naturally released cells (A) and
mechanically released cells (B). The scales used cor-
rect for different amounts of sample radioactivity
applied to the gel.

leased cells proceeded for at least 6 h and was
inhibited by rifamycin and actinomycin D (Table
1). About 90% of the total uridine incorporation
in the presence of chloramphenicol occurred in
the first 2 h of incubation. This suggested that
RNA polymerase activity in the mechanically
released cells was preexisting and capable of
surviving the procedure used to isolate this
population of C. burnetii from host cells. It also
indicated that some protein synthesis must oc-
cur to have maximal and sustained RNA synthe-
sis.

Effects of isolation method on amino acid incor-
poration into protein. To determine whether the

difference in extent of protein synthesis by natu-
rally released and mechanically released cells
(Fig. 1) was due to the more rigorous method of
isolation used to obtain the mechanically re-
leased population, the following experiment was
performed. Naturally released cells were har-
vested from the infected tissue culture medium
by centrifugation as usual. The pellet was sus-
pended in 20 ml of Buffer A and added to intact
infected BHK cells, and the protocol used to
isolate mechanically released C. burnetii was
performed. The incorporation of [3H]leucine
into hot trichloroacetic acid-insoluble material at
pH 4.5 by the resulting mixture of mechanically
released and naturally released cells was deter-
mined. The sum of incorporation at 24 h by
equivalent amounts of naturally released cells
(1.18 nmol per 109 cells) and mechanically re-
leased cells (0.52 nmol per 109 cells), incubated
alone, equaled that of the mixture of the two cell
types (1.74 nmol per 109 cells). Therefore, me-
chanically released C. burnetii cells did not
appear to be injured in amino acid incorporation
as a result of the isolation technique.
The effect of the tissue culture medium on the

ability of C. burnetii to incorporate amino acids
was also investigated. Mechanically released C.
burnetii cells were preincubated at approximate-
ly 5 x 108 cells per ml at neutral pH under the
conditions described in Table 2. The bacteria
were then harvested, and their capability to
incorporate [3H]leucine into protein at pH 4.5
was measured. When cells were preincubated in
either PBS or DME without calf serum, subse-
quent activity decreased greater than 90% (Ta-
ble 2). Conversely, if mechanically released cells
were preincubated in either solution with 10%
calf serum, the extent of incorporation was
significantly enhanced (Table 2). These results

TABLE 1. RNA synthesis by C. burnetii
Cell release pH of Antibiotic' Incorporationb
method incubation treatment (nmol per 109 cells)

Mechanical 4.5 None 0.270
Rif 0.025
Act D 0.037
Cam 0.120

7.0 None 0.035

Natural 4.5 None 0.059
7.0 None 0.084

a Antibiotics used were 40 ,uM rifamycin (Rif), 10
,uM actinomycin D (Act D), and 150 ,uM chloramphen-
icol (Cam).

b Cells were labeled with [14C]uridine (1 ,uCi/ml,
0.463 Ci/mmol). Values indicate incorporation
achieved after 24 h of incubation. Zero-time controls
for incorporation ranged from 0.020 to 0.043 nmol per
109 cells.
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TABLE 2. Effect of preincubationa
Incorporation (nmol of

Preincubation medium leucine per 109 cells) at time:
Oh 6h 26.5h

Control 0.003 0.318 0.525
PBS <0.001 0.026 0.050
PBS + 10% calf serum 0.001 0.273 0.968
DME 0.002 0.009 0.014
DME + 10% calf serum 0.001 0.220 0.906

a Mechanically released C. burnetii cells were iso-
lated as described in the text. The control was subject-
ed to acid activation without prior incubation, and
incorporation of [3H]leucine into acid-insoluble mate-
rial was determined. The remaining cells were sus-
pended in PBS and diluted 10-1 in the preincubation
medium indicated. Suspensions were then incubated
for 19 h at 34°C in 19%0 CO2. Cells were harvested and
washed in a manner identical to that used for prepara-
tion of naturally released C. burnetii; the cells were
then incubated in axenic medium in the presence of
[3H]leucine (50 ,uCi/ml, 0.83 Cilmmol).

suggest that the enhancement effect is somehow
related to the presence of calf serum and not
related to the defined components of the DME.

DISCUSSION
Both types of C. burnetii incorporate amino

acids by a pH-dependent mechanism. Inhibition
of protein synthesis by chloramphenicol and
rifamycin and lack of inhibition by atractyloside
indicated that this incorporation is not due to
host cell constituents. Lack of incorporation
into mitochondria and similarly extracted unin-
fected cells incubated under standard conditions
provided further evidence for the rickettsial na-
ture of this activity.

Mechanically released cells incorporated sig-
nificant levels of uridine at pH 4.5, whereas
naturally released cells did not. Since rifamycin
inhibited all protein synthesis in both cell popu-
lations, it is probable that uridine incorporation
did not truly reflect the relative extent of RNA
synthesis in these two cell types. Further studies
are needed to determine the nature of these
differences. Inhibition of protein synthesis by
rifamycin also indicated that host-free C. burne-
tii cells lack viable mRNA. This agrees with the
findings of Donahue and Thompson (5) and
supports their hypothesis that de novo RNA
synthesis must precede de novo protein synthe-
sis in C. burnetii incubated in an axenic medium.
Furthermore, since chloramphenicol partially
inhibited RNA synthesis, it is possible that pro-
teins involved in transcription were synthesized
during incubation. Inhibition ofDNA synthesis,
at least in naturally released C. burnetii, led to
an eventual decrease in protein synthesis, simi-
lar to what is observed in hydroxyurea-treated

Escherichia coli (14). Further investigation is
required to determine whether this effect is due
to inhibition of DNA replication or repair.

Previous studies of axenic protein synthesis
by C. burnetii reported incorporation rates for
glutamate (6, 7), which is a preferred energy
source for this organism (8) and is presumably a
key intermediate in amino acid biosynthesis. To
best approximate the protein synthesis rate, this
study utilized leucine and methionine. These
amino acids gave comparable rates and extents
of incorporation when used at similar concentra-
tions.

It was originally postulated that viable C.
burnetii cells rapidly isolated from the phagoly-
sosome would be best suited for studies of host
cell-free protein synthesis. As the results indi-
cate, this may not be the case. Naturally re-
leased C. burnetii cells demonstrated more sus-
tained protein synthesis than their counterparts
isolated from the intracellular environment. If
most C. burnetii organisms in a given population
(i.e., mechanically released or naturally re-
leased) are synthesizing protein at approximate-
ly the same rate, and given their dry weight of 27
,ug per 109 cells (20), there was a 5 to 10%
increase in mechanically released C. burnetii
protein during acid activation. Likewise, there
appeared to be an increase of 15 to 30% in
naturally released C. burnetii protein during acid
activation. If true growth occurred under these
conditions, we would expect an increase in
cellular protein of at least 100% and a greater
diversity of polypeptides to be expressed than
those observed.
The differences in the extent of protein syn-

thesis between naturally released and mechani-
cally released cells may be nutritional. Evidence
for this is provided by the observation that
mechanically released cells exposed to calf se-
rum subsequently demonstrated a greater degree
of amino acid incorporation during acid activa-
tion. This suggests that essential nutrients may
be obtained during extracellular transit. Defini-
tion of these nutrients may be important in the
development of a defined medium capable of
sustaining axenic growth. Alternatively, the pre-
incubation step used for mechanically released
cells may have allowed the bacteria to differenti-
ate to a sporelike quiescent state (9, 13), thus
rendering them more responsive to appropriate
growth conditions. However, differentiating
bacterial systems often demonstrate temporal
changes in the patterns of proteins synthesized
(11, 19), and such differences were not readily
apparent between these two cell types.

Determination of the cellular location of the
proteins synthesized in axenic media, the regula-
tion of their expression, and the demonstration
of their expression in situ is needed. This may
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provide a clearer understanding of the processes
which occur during acid activation.
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